Charge-transfer-to-solvent ͑CTTS͒ transitions have been the subject of a great deal of interest recently because they represent the simplest possible charge transfer reaction: The CTTS electron transfer from an atomic ion to a cavity in the surrounding solvent involves only electronic degrees of freedom. Most of the work in this area, both experimental and theoretical, has focused on aqueous halides. Experimentally, however, halides make a challenging choice for studying the CTTS phenomenon because the relevant spectroscopic transitions are deep in the UV and because the charge-transfer dynamics can be monitored only indirectly through the appearance of the solvated electron. In this paper, we show that these difficulties can be overcome by taking advantage of the CTTS transitions in solutions of alkali metal anions, in particular, the near-IR CTTS band of sodide (Na Ϫ ) in tetrahydrofuran ͑THF͒. Using femtosecond pump-probe techniques, we have been able to spectroscopically separate and identify transient absorption contributions not only from the solvated electron, but also from the bleaching dynamics of the Na Ϫ ground state and from the absorption of the neutral sodium atom. Perhaps most importantly, we also have been able to directly observe the decay of the Na Ϫ * excited CTTS state, providing the first direct measure of the electron transfer rate for any CTTS system. Taken together, the data at a variety of pump and probe wavelengths provide a direct test for several kinetic models of the CTTS process. The model which best fits the data assumes a delayed ejection of the electron from the CTTS excited state in ϳ700 fs. Once ejected, a fraction of the electrons, which remain localized in the vicinity of the neutral sodium parent atom, recombine on a ϳ1.5-ps time scale. The fraction of electrons that recombine depends sensitively on the choice of excitation wavelength, suggesting multiple pathways for charge transfer. The spectrum of the neutral sodium atom, which appears on the ϳ700-fs charge-transfer time scale, matches well with a species of stochiometry (Na ϩ , e Ϫ ) that has been identified in the radiation chemistry literature. All the results are compared to previous studies of both CTTS dynamics and alkali metal solutions, and the implications for charge transfer are discussed.
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I. INTRODUCTION
Whenever a chemical species changes its electronic charge distribution during the course of a solution-phase chemical reaction, the surrounding environment undergoes a corresponding relaxation in response to this change. This solvent relaxation can in turn alter the electronic structure of the reacting species or induce nonadiabatic transitions, the result being that chemical reactivity in solution is controlled by the details of the solute-solvent coupling. This has prompted an explosion of experimental and theoretical interest in solvation dynamics, the study of the response of the solvent to the excitation of a probe solute. 1 The role of solvation dynamics and the solvent-induced nonadiabatic mixing of electronic states is especially important in controlling the dynamics of charge-transfer reactions, which are ubiquitous in chemistry and biology. 2 The goal of better understanding solute-solvent coupling has led to a resurgence of interest in the study of what is perhaps the simplest charge-transfer reaction: electron transfer from a single atom to a cavity in the surrounding solvent. 3 The most prominent example of this type of electron transfer is that shown by halide ions in solution. Isolated halide ions in the gas phase support no bound electronic excited states, but in solution, these ions show an intense near-UV absorption at energies well below that required to create a free ͑vacuum͒ electron. 3 The nature of these solventsupported states is not trivial, since the polar solvents that display this effect ͑water, nitriles, alcohols, etc.͒ do not possess low-lying orbitals that can accept an extra electron. Study of these spectra have had a rich history in chemical physics over the past 40 years, and they have become understood as charge-transfer-to-solvent ͑CTTS͒ transitions. 3, 4 Photoexcitation of these transitions produces a neutral halogen atom and a solvated electron. 4 Gas phase studies 5 and ab initio quantum chemistry calculations 6 have concluded that CTTS transitions evolve from features present in gas phase clusters containing only a few solvent molecules: Localization of the continuum wave function of the ejected electron by the solvent molecules acts as a precursor to the states a͒ Author to whom correspondence should be addressed; electronic mail: schwartz@chem.ucla.edu comprising the CTTS band in the bulk liquid. It is the sensitivity of these purely electronic CTTS states to the solvent environment that makes them ideal candidates for investigating how local solvent structure, solvent-induced radiationless relaxation, and solvation dynamics work together to control electron transfer reactions.
The solvent dynamics underlying the CTTS transitions of aqueous halides recently have been explored in a series of quantum molecular dynamics simulations by Sheu and Rossky 7 and also by Staib and Borgis. 8 The simulations show that both the parent atom core and the polarized solvent molecules around the ion play a role in supporting the CTTS energy levels. The CTTS spectra are found to have a complex substructure consisting of a series of unresolved transitions from the p-like ground state orbital to states of mixed s and d character. Electron transfer from the excited CTTS states is driven by solvent fluctuations, with the symmetry of the one-electron state playing a critical role in the detachment dynamics: detachment takes place from only the lowest, predominantly s-like state. The simulations also predict that the solvated electrons produced following CTTS excitation remain in intimate contact with their parent atoms and thus can easily undergo geminate recombination. 7, 8 In a series of pioneering experiments, Long, Eisenthal, and co-workers 9 as well as Gauduel and co-workers 10 studied the dynamics of the electron detachment from aqueous halides using ultrafast pump-probe spectroscopy. The limitations of the femtosecond laser sources available at the time of these experiments, however, required the use of multiphoton excitation. Due to the symmetries of the various states involved, multiphoton excitation accesses states higher than the principal CTTS transition, leading to the possibility of competing channels for electron production. Thus, the hydrated electrons probed in these 9, 10 and other experiments 11 are likely produced not only by electron transfer from the CTTS band, but also by direct photodetachment of the halide and possibly by multiphoton ionization of the solvent, obscuring the underlying CTTS dynamics. 7 Bradforth and co-workers recently have revisited the transient spectroscopy of aqueous iodide, taking care to ensure that excitation was single-photon directly into the CTTS band. 12 These workers found that the dynamics of geminate recombination following CTTS were quite different from those produced following multiphoton ionization of the neat solvent, consistent with the idea that electron transfer via CTTS and direct photodetachment represent distinct mechanisms for electron production. The time scale for appearance of the electon, however, was observed to be similar for excitation of the CTTS transition and for multiphoton ionization of the pure solvent. Because the CTTS excited state could not be observed directly, Bradforth and co-workers could assign only an upper limit of ϳ200 fs for the time scale of charge transfer. 12 Both the rapid CTTS dynamics in water and the observation of fast recombination are roughly consistent with the predictions of the quantum simulations discussed above; the experiments are only now becoming detailed enough to provide for a direct confrontation with theory. 13 There are several reasons why aqueous halides prove to be difficult experimental systems for studying CTTS dynamics. First, the CTTS transitions are fairly deep in the UV (ϳ230 nm for I Ϫ ), a region where even modern ultrafast lasers are hard-pressed to provide a conveniently tunable source of light. This makes pump wavelength-dependent experiments difficult, and also effectively prevents ground state bleach experiments which could access information on the equilibrium CTTS fluctuations. In addition, careful control over the intensity is critical with UV femtosecond pulses to avoid multiphoton ionization of the solvent. Second, the CTTS dynamics of halides in water or alcohols are extraordinarily fast, making it difficult experimentally to isolate the primary events leading to electron transfer. Finally, the reaction dynamics can be monitored only through the absorption of the solvated electron produced following charge transfer. It is unclear whether either the excited CTTS state 9 or the neutral halogen atom product is spectroscopically accessible; thus, the details of the intricate solvent dynamics that drive the electron transfer in these systems remain obscure.
In this paper, we demonstrate that all of these difficulties can be overcome by taking advantage of the CTTS transitions of alkali metal anions. The CTTS transition of sodide (Na Ϫ ) is conveniently located near 800 nm, the fundamental wavelength of the Ti:Sapphire laser, providing experimental accessibility to the ground state bleach dynamics as well as the possibility for experiments with tunable excitation. The excitation is one-photon directly into the CTTS band, and the use of visible/near-IR wavelengths ensures that there are no worries with multiphoton ionization of the solvent. Solutions of alkali metal anions can be prepared in a variety of solvents, providing the opportunity to study CTTS dynamics not only in systems with solvation dynamics as fast as those in water, but also in systems with dynamics that are significantly slower. Finally, as we will discuss below, the optical transitions of the neutral sodium atom produced following CTTS are readily accessible in the near-IR and are well separated from the absorption spectrum of the solvated electron in many solvents. This means that pump-probe experiments can independently monitor all three species involved in the CTTS reaction: the ground state Na Ϫ bleach, the absorption of the neutral Na atom, and the absorption of the solvated electron are all readily observable. In addition, we also will show below that the excited CTTS state, Na Ϫ *, can be probed directly in the visible region of the spectrum. The selection of Na Ϫ as the system of choice for the study of CTTS dynamics is predicated on a large number of studies of alkali metal anion solutions over the past 30 years. [14] [15] [16] [17] Sodium anions are formed by the dissolution of the parent sodium metal in ether or amine solvents in the presence of a cation complexing agent. 14 The Na ϩ complexing agent, usually a crown ether or cryptand molecule, drives the equilibrium 2Na (s) → Na ϩ ϩNa Ϫ far to the right, producing ample amounts of the solvated metal anion. ͑The actual equilibria describing the relationship between the solid alkali metal, metal anions and cations, and solvated electrons are a bit more complex; see Ref. 14 for details.͒ NMR experiments indicate that the sodium anion does not significantly complex with the solvent, 18 which, in combination with numerous optical studies 14, 15 leads to the conclusion that the intense visible/near-IR absorption band is indeed a CTTS transition. The absorption spectra of solvated electrons in the ethers and amines used to make alkali metal anion solutions are well known 19 and usually lie well to the red of the CTTS band. Less is known about the absorption spectrum of neutral sodium atoms in solution. Upon irradiation of solutions containing sodium cations, however, several studies have identified a species with stochiometry Na 0 ͓often referred to as a sodium cation:solvated electron contact pair (Na ϩ ; e Ϫ ) in the literature͔, which has a broad absorption in the near-IR. 20 In this paper, we will argue that the neutral species produced immediately following CTTS has the same absorption spectrum as that in the pulsed radiolysis studies, leading to the identification of this species as a solvated neutral sodium atom.
The CTTS transition of sodide also offers an interesting contrast to the previous experimental and theoretical work on halides because of symmetry. As pointed out above, the outermost electron in the halides is in a p-like orbital; excitation of the CTTS band produces an excited state of predominantly s symmetry that can undergo detachment to form the s-like ground state of the solvated electron. For Na Ϫ , however, the ground state CTTS electron is in an s-like orbital, so the Na Ϫ * excited state is presumably p-like in character.
In fact, we expect the electronic structure of the CTTS band in Na Ϫ to be like that of the hydrated electron, consisting of three s→p transitions that are split by the local asymmetry of the solvent environment. 21 This hypothesis is supported by the strong similarity between the absorption spectrum of the hydrated electron and that of Na Ϫ . The p-like symmetry of the excited sodide CTTS states suggests that the underlying charge-transfer mechanism may be quite distinct from that in the halides. One possibility is that large-scale solvent fluctuations may be required to induce a nonadiabatic transition from the p-like Na Ϫ * state to produce the nodeless wave function of the solvated electron product. Another possibility is that the solvated electron may be produced directly in one of its excited states, and only later undergoes internal relaxation to the ground state.
In this paper, we present the results of a series of pumpprobe experiments on the CTTS dynamics of Na Ϫ in THF which are aimed at providing a preliminary exploration of all these possibilities. Like the previous work of Bradforth and co-workers, 12 we see the delayed appearance of solvated electrons following direct one-photon excitation of the CTTS band. We also find that the fraction of the electrons produced that undergo geminate recombination depends sensitively on the pump wavelength, suggesting multiple pathways for charge transfer. A transient absorption characteristic of the CTTS excited state is identified in visible probe experiments; the decay of this absorption in ϳ700 fs provides a direct measure of the charge transfer rate. Near-IR probe experiments monitor the appearance of the neutral sodium atom on the same ϳ700-fs time scale. In combination, the data provide enough information to build a kinetic model for the dynamics of all the species involved in the charge-transfer process.
II. EXPERIMENT
While alkali metal anions can be prepared from a variety of alkali metals in many different solvents, we believe that the Na Ϫ /tetrahydrofuran ͑THF͒ system is the optimal choice for optical studies of CTTS dynamics. Preparation of solutions of alkalides other than Na Ϫ ͑such as K Ϫ ) is complicated by contamination of small amounts of sodium leeched from the glassware. 22 This is because the equilibrium constant for the reaction M Ϫ ϩNa ϩ →Na Ϫ ϩM ϩ ͑MϭK, Rb, or Cs͒ lies far to the right, so the presence of even small amounts of sodium makes it difficult to prepare pure solutions of M Ϫ . 14 Sodide solutions, on the other hand, are easy to prepare in high purity since, in the presence of excess sodium, any other alkali metals react away to produce more of the desired Na Ϫ . Our choice of THF as the solvent is predicated on the fact that the dissolution of alkali metals in THF does not produce solvated electrons.
14 Thus, Na Ϫ /THF solutions can be easily prepared with high purity, and with no solvated electrons present at equilibrium, it is straightforward to monitor the appearance of the electrons produced following excitation of the CTTS transition.
Sodide samples in tetrahydrofuran were prepared using an adaptation of the procedure of Dye and co-workers. 23 The samples were both synthesized and studied in a homemade container consisting of a 1-mm path length fused silica spectrophotometer cell which was joined to a Teflon stopcock with a graded glass seal. Sample synthesis was accomplished by loading the reagents into the cell in the inert atmosphere of a nitrogen dry-box. The stopcock was then closed before removal from the dry-box so that the sample could be studied on the optical table without ever contacting the ambient environment. Once sealed this way, the samples were typically stable for several weeks if stored in the dark at Ϫ20°C. All of the synthesis and optical experiments reported in this paper, however, were performed at room temperature.
The three reagents needed to synthesize Na Ϫ , Na metal, THF and 15-crown-5 ether ͑1,4,7,10,13-pentaoxocyclopentadecane͒, were obtained from Aldrich. Sodium metal and the crown ether were used as received; THF was dried over potassium metal before use. Sodium metal is not directly soluble in THF so a small amount (ϳ10 mg͒ of potassium metal ͑whose cation has a higher affinity for the 15-crown-5 ether than the sodium cation͒ is used to catalyze the dissolution of ϳ100-mg sodium. Chunks of the two metals were placed in the cell and immersed in ϳ1 mL of a 1:200 v/v 15-crown5:THF solution. The sample was then agitated by sonication until a uniform dark blue color was obtained, indicating dissolution of the metals. The presence of sodide ( max ϭ730 nm in THF͒ was confirmed by UV-visible absorption spectroscopy ͑see Fig. 1 below͒. The solutions produced at this point were usually too concentrated for spectroscopic measurements ͑optical density ϳ5 in the 1-mm cell at 730 nm͒. Thus, samples were further diluted with dry THF until the desired concentration ͑o.d.р2 at 730 nm͒ was reached.
While preparation of the sodide samples following the procedure of Dye et al. was straightforward, 23 we had to try several synthetic variations to produce samples that were stable for more than a few hours and were not easily bleached by exposure to the femtosecond laser pulses. The key to producing stable samples is to place enough sodium metal in the cell to maintain an excess of metal after dissolution. The underlying idea is to saturate the solution with metal at a given crown ether concentration. This way, as sodium anions are destroyed by impurities or by dissociation with the laser, additional anions can be generated by dissolution of the excess metal. The overall concentration of sodide is thus controlled by the fixed amount of crown ether, allowing the samples to be diluted and to remain stable for several weeks.
The presence of potassium metal in the samples means that there is a possibility that potasside can form after the samples age and the excess Na metal is depleted. The absorption spectrum of our sample can be fit to a superposition of the known absorption spectra of Na Ϫ ( max ϭ730 nm͒ and K Ϫ ( max ϭ950 nm͒. 14, 17 The results suggest that the relative concentration of potasside in freshly prepared samples is less than a few percent. The height of the 950-nm shoulder due to K Ϫ grows slowly with time as the excess sodium is depleted; the fits indicate that the relative concentration of K Ϫ can reach ϳ25% in samples that are several months old. At this point, it is unclear whether production of K Ϫ is accelerated by exposure to the femtosecond laser pulses or merely correlates with sample longevity. In any case, for the experiments reported below we have chosen excitation wavelengths ͑near 500 nm͒ on the blue side of the Na Ϫ CTTS absorption where K Ϫ does not absorb, thus avoiding adverse effects from a possible build-up of K Ϫ during the course of the femtosecond experiments.
The laser system used in the time-resolved experiments consists of a regeneratively amplified Ti:sapphire laser ͑Spectra Physics͒ that produces 1-mJ, ϳ120-fs pulses centered at 800 nm at a 1 kHz repetition rate. The output is used to pump a dual-pass optical parametric amplifier ͑OPA͒ that generates tunable signal and idler beams in the IR. For most experiments, either the signal or idler beam ͑or both͒ are subsequently sum frequency mixed with the residual 800-nm light in a BBO crystal to produce tunable pump and/or probe laser pulses throughout the visible region of the spectrum. 24 Other experiments used either the 800-nm fundamental or the signal or idler beams ͑or harmonics thereof͒ directly as the probe pulse. For all experiments, the probe beam is split into reference and signal components; the pump and probe signal beams are focussed collinearly to a ϳ300-m spot at the sample. The relative polarizations of the pump and probe beams are set to the magic angle ͑54.7°). The signal and reference pulses are detected either by matched Si photodiodes ͑probe wavelengths Ͻ1100 nm͒, or by matched InGaAs photodiodes ͑probe wavelengths у1100 nm͒. The output from the photodiodes is digitized on a shot-to-shot basis by a fast gated current-integrating analog-to-digital converter. Pulse intensities outside preset bounds are rejected from the data collection on the fly; the remaining pulses are normalized ͑signal/reference͒ on every shot. The pump beam is also chopped and in-house software is used to digitally lock the baseline while scanning the mechanical pumpprobe delay; 25 typical noise levels for averaging 300 laser shots per stage position are changes in optical density of ϳ2ϫ10 Ϫ4 . The instrument function and position of time zero is found for each combination of wavelengths by measuring the pump-probe cross-correlation using sumfrequency mixing in a BBO crystal placed at the position of the sample. Further details on the setup and data collection routines have been published elsewhere.
26
The ultrafast spectral transients presented below were recorded with pump pulse energies of ϳ1 J, resulting in changes in optical density on the order of a few tenths of a percent. After the initial dynamics in the first few ps are complete, all the spectral transients presented below persist for times much longer than the length of the translation stage used to generate the pump-probe delay (ӷ1 ns͒. The long time behavior of the transients was measured by flash photolysis using ϳ10-ns pulses at 532 nm from a doubled Nd:YAG laser to excite the samples and an arc lamp to probe. The bleach signals were found to persist out to times of a few ms. The long recovery time could be explained either by diffusive, nongeminate recombination of the CTTS products to reform the parent Na Ϫ , or by diffusion of additional ground state Na Ϫ ions into the volume sampled by the probe beam. The long time scale for sample recovery means that in the femtosecond experiments, there is the possibility that the photoproducts produced by one laser pulse are still present when the next pulse arrives at the 1-kHz repetition rate. To ensure that build-up of the photolysis products did not obscure the underlying CTTS dynamics, we performed the pump-probe experiments while the repetition rate of the laser was varied from 50 Hz to 1 kHz. At all repetition rates, the transient dynamics were identical, indicating that none of the long-lived species produced following excitation adversely affected our study of the short-time CTTS dynamics. 27 We also found that at high excitation fluences, the amplitude of the fast absorption decay in the transients decreased markedly, which as discussed below, is consistent FIG. 1. Absorption spectra of the species involved in the CTTS reaction of sodide. The solid curve shows the absorption spectrum of the Na Ϫ /THF samples used in this study; the absolute value of the molar extinction coefficient for this curve at the 730-nm absorption maximum was scaled to match that in Ref. 17 with decreased geminate recombination due to multiphoton excitation of Na Ϫ .
III. RESULTS
The solid curve in Fig. 1 shows the steady-state absorption spectra for the sodide anion in THF. The spectrum is in excellent agreement with those previously published; 14, 15, 17 because we are not able to independently measure the concentration of Na Ϫ in our solutions, the y-axis showing the value of the molar extinction coefficient was scaled to match that in Ref. 17 . As discussed in many studies, the intense absorption feature that peaks at 730 nm corresponds to a CTTS transition. 14, 15 No previous flash photolysis studies, 16, 17 however, have been able to measure the rate of production of solvated electrons following excitation of the Na Ϫ CTTS transition. In THF, pulsed radiolysis studies have shown that the solvated electron absorption band occurs in the mid-IR, with a peak near 0.6 eV (ϳ2100 nm͒ and a full width at half maximum of ϳ0.3 eV. 19 Thus, final confirmation of the assignment of the optical absorption of Na Ϫ to a CTTS transition awaits observation of the delayed appearance of the solvated electron band in the mid-IR correlated with excitation of the CTTS band. Figure 2͑a͒ provides this confirmation by presenting the results of femtosecond transient absorption experiments exciting on the blue side of the CTTS band at 490 nm and probing the solvated electron's appearance near the maximum of its absorption at 2150 nm ͑circles͒. The thin solid curve shows the cross-correlation between the pump and probe beams as measured by sum-frequency mixing in a BBO crystal placed at the position of the sample, and verifies that our instrument resolution is ϳ250 fs. The data are qualitatively similar to that reported by Bradforth and co-workers on the iodide system 12 in that absorption by the solvated electron does not appear for a few hundred femtoseconds after excitation, presumably related to the time for electron transfer to take place from the excited CTTS state. After creation, the electron's 2150-nm absorption undergoes a decay which takes place on a ϳ1.5-ps time scale. After the decay is complete, an absorption offset from the solvated electron persists for times much greater than a few nanoseconds. There are several possibilities for the assignment of the decay of the solvated electron's absorption. The electron's absorption cross-section could change with time due to dynamic solvation or to the presence of a nonadiabatic transition ͑from a p-like to s-like state, for example͒. On the other hand, the absorption decrease could represent a loss of population due to geminate recombination of a fraction of the CTTS-produced electrons with the nearby parent sodium atom.
To gain more insight into the origin of the observed absorption decay, the 2150-nm dynamics of the electron were monitored after excitation at different wavelengths, as shown in Fig. 2͑b͒ . The results show that there is a continuous increase in the magnitude of the decay as the excitation wavelength is tuned toward the red. Excitation at 400 nm ͑crosses͒ produces essentially no decay of the 2150-nm absorption; the 490-nm excitation scan presented in Fig. 2͑a͒ shows an intermediate amplitude of the decay, while 800-nm excitation ͑diamonds͒ results in a nearly complete decay of the entire signal. It is unlikely that changes in the electron's absorption cross-section due to solvation dynamics or to transitions between quantized electronic states would be so strongly affected by the excitation wavelength. Instead, in direct analogy to numerous studies where solvated electrons are produced by multiphoton excitation, 28 the excitation wavelength dependence can be explained by differences in the population of the ejected electrons. An increase in the excitation energy allows a larger fraction of the ejected electrons to thermalize at distances further from the parent atom core, reducing the probability for geminate recombination and leading to less decay of the absorption signal. 28 The slightly longer rise time observed for 400-nm excitation is also consistent with a delayed appearance of the electron's equilibrium absorption due to the time needed to dissipate excess thermal energy. 29 We will return to the question of the wavelength dependence of geminate recombination later in this paper. Overall, Fig. 2 leads us to expect that geminate recombination of the neutral Na atom and solvated electron produced following CTTS excitation are an important part of the photophysics of Na Ϫ . Additional information concerning the mechanism of electron production and the nature of the CTTS band in sodide solutions is available from the transient absorption dynamics at various probe wavelengths in the visible and near-IR. From top to bottom, Fig. 3 shows the spectral dynamics of Na Ϫ probed at 560 nm, 590 nm, 625 nm, 670 nm and 800 nm following excitation near 500 nm. All five of these probe wavelengths lie within the envelope of the Na Ϫ ground state absorption ͑cf. Fig. 1͒ , leading to the expectation of a transient bleach signal ͑an instantaneous negative change in absorbance͒ due to the loss of ground state Na Ϫ following ex-
͑a͒ Appearance of the solvated electron's absorption at 2150 nm following femtosecond excitation of Na Ϫ /THF at 490 nm ͑circles͒. The thin solid curve shows the experimentally measured instrument response. ͑b͒ Appearance of the solvated electron's absorption following femtosecond excitation of Na Ϫ /THF at 400 nm ͑crosses͒ and 800 nm ͑diamonds͒. For both ͑a͒ and ͑b͒, the rise of the 2150-nm absorption is slower than the instrument response, indicating a delayed appearance of the electron.
citation. The two reddest probe wavelengths considered in Fig. 3 , 670 nm and 800 nm, are near the maximum of the ground state CTTS band and indeed, the transient signals are bleaches that appear within the instrument resolution. These two bleach signals show decay dynamics with similar amplitude and time scale to that of the solvated electron ͓cf. Fig.  2͑a͔͒ , suggestive of the reappearance of ground state Na Ϫ ions due to recombination of the solvated electron and neutral sodium atom products. Finally, the bleach persists well past the ϳ1-ns limit of our scan range indicating that photoexcitation produces a net loss of ground state Na Ϫ ions. At the three bluest probe wavelengths shown in Fig. 3 , on the other hand, the spectral transients are dominated by a strong absorption that appears within the instrument resolution and then rapidly decays in ϳ700 fs into a net bleach signal. The data indicate that the spectrum of this initial absorption must peak near 590 nm. The excited absorption band clearly spans the wavelengths between 560 and 625 nm, but there is no initial absorption at 670 nm or 800 nm. There also is no sign of an absorption ͑or corresponding rise of the bleach͒ when probing at 510 nm ͑not shown͒, a wavelength where any excited-state absorption would be readily apparent because of the small absorption cross-section of the ground state. Thus, we have identified the presence of a rapidly decaying excited-state species that absorbs predominantly in the spectral region centered near 590 nm.
The assignment of this 590-nm absorbing species is not immediately clear. The solvated electron product does not have significant absorption in this spectral region, 19 but there are still two other possibilities for absorbing species produced following excitation of Na Ϫ . One candidate is the instantaneously formed Na Ϫ * CTTS state. For this case, the rapid absorption decay would result from the loss of the initially prepared excited state due to the charge transfer process, and the absorption dynamics would provide a convenient spectroscopic handle for measuring the rate of electron transfer. The other possible assignment is that the absorbing species is the neutral sodium atom (Na 0 ) product, 30 which could be produced on a time scale faster than our instrumental resolution if CTTS were quite rapid. One might expect that immediately after removal of the excess electron, the solvent would not have a significant interaction with the neutral atom product, possibly leading to a strong Na 0 absorption near 590 nm similar to that of Na in the gas phase ͑the famous ''D'' line͒. Dynamic solvation would then cause the Na atom's spectrum to shift, providing an explanation for the rapid decay of the absorption in this spectral region.
How can we distinguish between these two possible interpretations of the data? On the basis of pulsed radiolysis studies, we expect the equilibrated Na 0 product in THF to have a broad absorption in the near-IR peaking near 890 nm ͑Fig. 1, dashed curve, adapted from Ref. 20͒. At 1150 nm, the ground state absorption of Na Ϫ is negligible but the Na 0 species whose absorption spectrum is presented in Fig. 1 still has appreciable cross-section (ϳ6000 M Ϫ1 cm Ϫ1 ). 20 Thus, a femtosecond experiment probing at 1150 nm should provide a clean signature of the appearance of the equilibrated neutral sodium atom without interference from the bleaching dynamics of Na Ϫ . 31 This information can help to distinguish between the two possible interpretations of the visible-probe data presented in Fig. 3 . The results of such an experiment are shown in Fig. 4 . Indeed, a species that absorbs at 1150 nm does appear with a rise time of ϳ700 fs. The 1150-nm transient absorption then undergoes a decay on the same time scale as the solvated electron at 2150 nm, followed by an offset that indicates the absorbing species persists for long times. The solvated electron in THF has only a small absorption cross-section at 1150 nm 19, 31 and the excited CTTS state is expected to be short lived, so the majority of the persistent 1150-nm absorption must be due to the neutral sodium atom produced following CTTS.
The assignment of the 1150-nm absorption to the equilibrated Na 0 species, in combination with the data in Figs. 3   FIG. 3 . Femtosecond absorption transients resulting from ϳ500-nm excitation of Na Ϫ /THF and probing at ͑a͒ 560 nm, ͑b͒ 590 nm, ͑c͒ 625 nm, ͑d͒ 670 nm, ͑e͒ 800 nm. Negative signals correspond to bleaching of the Na Table  I͔ ; see text for details. and 4, provides enough information to test two different models of the entire charge-transfer-to-solvent process. The first kinetic model we consider, the ''delayed ejection'' model, assumes that it takes some time for solvent fluctuations to cause the electron to detach from the initially prepared Na Ϫ * state:
͑4͒
In this model, Eq. ͑1͒ indicates that photoexcitation instantaneously creates the CTTS excited state, presumably the source of the strong 590-nm transient absorption. The excited CTTS state then disappears with rate k 1 , leading to a delayed appearance of the 1150-nm equilibrated Na 0 and 2150-nm solvated electron absorptions, as described by Eq. ͑2͒. Although we label the product in Eq. ͑2͒ as Na 0 •e solvated Ϫ , we do not intend to imply that this is a species that is spectroscopically distinct from individual sodium atoms and solvated electrons. The idea of a ''contact pair,'' however, and in fact the entire model represented by Eqs. ͑1͒-͑4͒, is consistent with the simulations performed by Staib and Borgis. 8 Introduction of the contact pair into the kinetic model provides the mathematical convenience of being able to describe the subsequent geminate recombination using simple firstorder kinetics with rate k 2 ͓Eq. ͑3͔͒. 32 The model is completed by assuming that the contact pair can dissociate with rate k 3 ͓Eq. ͑4͔͒, so that a fraction f ϭk 2 /(k 2 ϩk 3 ) of the Na 0 and solvated electron species undergo recombination to regenerate some of the initially bleached parent Na Ϫ . This recombination accounts for the fractional loss of the 1150-nm Na 0 absorption in Fig. 4 , the 2150-nm solvated electron absorption in Fig. 2 , and the visible Na Ϫ bleach signals in Fig. 3 . Note that for this model, we implicitly assume that solvation dynamics do not significantly affect the spectroscopy of either the Na Ϫ ground state bleach or the absorption of the newly formed Na 0 •e solvated Ϫ , solvated electron, or Na 0 products. The measured signals S(t) in the ''delayed ejection'' model consist of the sum of increases in absorption due to the formation of Na Ϫ * and Na 0 ͑or Na 0 •e solvated Ϫ ) as well as the bleach of the Na Ϫ ground state:
S͑t ͒ϭ⑀ Na Ϫ * ͓Na Ϫ *͔͑t͒ϩ⑀ Na 0͕ ͓Na
where ͓X͔(t) and ⑀ X are the time-dependent concentration change and the molar extinction coefficient, respectively, of each species ''X'' involved in the CTTS reaction. Note that in this notation, ͓Na Ϫ ͔(t) will be negative, indicating a net loss of ground state population that corresponds to a transient bleach signal. The absorption of the solvated electron is neglected in Eq. ͑5͒ since it has a very small cross-section at the visible and near-IR probe wavelengths used in Figs 
where ϭ(k 1 Ϫk 2 Ϫk 3 ) Ϫ1 and ϭ(k 2 ϩk 3 ) Ϫ1 . Since the rate k 3 does not correspond to a process that can be directly measured spectroscopically, it makes more sense to recast the model in terms of the CTTS rate k 1 , the recombination rate k 2 , and the quantum yield for recombination f. From the definition of f ϭk 2 /(k 2 ϩk 3 ), we can make use of ϭ f /k 2 and rewrite ϭ f /( f k 1 Ϫk 2 ) to obtain:
For the model represented by Eq. ͑9͒, the cross-sections of the Na Ϫ ground state and Na 0 products at each wavelength are already determined ͑Fig. 1͒. Thus, not counting the overall amplitude scaling factor N 0 for each transient, there are only nine adjustable parameters for the six transients in Figs. 3 and 4: The cross-section of the Na Ϫ * excited state at each probe wavelength ͑which turns out to be zero for one of the six wavelengths͒, the CTTS and recombination rate constants k 1 and k 2 , and the recombination fraction f. For comparison, a simple fit of each of these transients to a biexponential process ͑which cannot adequately describe all the data because of the long-time offsets on each scan͒ would involve 18 adjustable parameters ͑2 decay times and an amplitude ratio per transient͒ not counting the overall scaling amplitude. The solid curves in Figs. 3 and 4 show a global nonlinear least squares fit of Eq. ͑9͒, convoluted with the experimentally measured instrument response at each wavelength, to all six of the various Na Ϫ pump-probe transients. Given that on average there are only 1.5 adjustable parameters per transient, the fits do an excellent job describing the data. The best fit cross-sections for the Na Ϫ * excited state at each wavelength are shown as the crosses in Fig. 1 . The best fit times for the CTTS electron transfer and geminate recombination processes are 1 ϭ1/k 1 ϭ0.70Ϯ0.09 ps and 2 ϭ1/k 2 ϭ1.5Ϯ0.2 ps, respectively. The best fit fraction of recombination, f, for the visible transients in Fig. 3 is 0.4Ϯ0.1. The fraction f used to fit the 1150-nm transient in Fig. 4 is a fair bit larger at 0.7Ϯ0.1; the difference results from the redder excitation wavelength used for this experiment, which as discussed above leads to a higher fraction of recombination. All the fit parameters for this model are summarized in Table I . The second kinetic model we consider to describe the data in Figs. 3 and 4 is the ''solvation model,'' which involves rapid charge transfer followed by dynamic solvation of the Na 0 product:
In this model, photoexcitation detaches the CTTS electron from Na Ϫ to produce a ''hot'' ͑unsolvated͒ Na 0 atom and a solvated electron, as represented by Eq. ͑10͒. Since the excited absorption near 590 nm, which we would expect to come from ''hot'' gas-phaselike Na 0 , appears instantaneously we would expect the rate k 1 to be faster than our ϳ250-fs time resolution. Once formed, the solvent relaxes around the ''hot'' Na 0 , producing the equilibrated Na 0 species, which absorbs at 1150 nm, on the solvation time scale 1/k 2 as described by Eq. ͑11͒. Then, like the ''delayed ejection'' model, some fraction f of the Na 0 species, either during solvation or after equilibration, undergo recombination with the solvated electron to regenerate the parent Na Ϫ as shown in Eq. ͑12͒. This would lead to a fractional loss of the 1150-nm Na 0 absorption ͑Fig. 4͒, the 2150-nm solvated electron absorption ͑Fig. 2͒, and the visible Na Ϫ bleach signals ͑Fig. 3͒, all with rate k 3 .
According to the solvation model, the key spectral changes following excitation rely on the solvation dynamics that continuously shifts the absorption of Na 0 from near 590 nm to the equilibrated spectrum near 890 nm shown in Fig. 1 ͓Eq. ͑11͔͒. The dynamics of solvation in THF, however, already have been measured by Maroncelli and co-workers, who found that after excitation the emission spectrum of a dye molecule undergoes a biexponential Stokes shift with time scales 0.2 ps ͑45%͒ and 1.5 ps ͑55%͒. 33 We use this information as a constraint in the solvation model for CTTS excitation of Na Ϫ : Once ''hot'' Na 0 is formed upon excitation, the rate at which the spectrum shifts with time is completely determined. Using the parameters for THF solvation from Maroncelli and co-workers, along with the fact that the oscillator strength of the Na 0 absorption must be conserved during the Stokes shift, we have solved numerically the appropriate kinetic equations and attempted to reproduce the signals measured in Figs. 3 and 4 . The adjustable parameters are the absorption cross-sections for the ''hot'' Na 0 species at each probe wavelength, the fraction f of species that recombine, and the recombination rate k 3 . The rate k 1 is assumed instantaneous, and ''k 2 '' is the bi-exponential solvation process measured by Maroncelli and co-workers.
Upon fitting the data in Figs. 3 and 4 ͑not shown͒, it is apparent that the solvation model cannot adequately describe the observed pump-probe transients. The solvation model Parameters found from the nonlinear least squares fit of the data in Figs. 3 and 4 to Eq. ͑9͒; k 1 and k 2 are constrained to be the same for all six pump-probe transients; f is constrained to have the same value for a given pump wavelength. The fitted Na Ϫ * cross-sections have an uncertainty of Ϯ15%.
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fits the 560-nm, 590-nm, and 625-nm transients in Fig. 3 nearly as well as the delayed ejection model, but the solvation model predicts the wrong general shape to properly describe the two transients at 670 nm and 800 nm. The problem is that as the absorption maximum of Na 0 shifts from near 590 nm to its final position near 890 nm, the peak has to pass through both 670 nm and 800 nm. Thus, for these wavelengths, the model predicts a bleach signal which at first decays as the maximum of the Na 0 absorption arrives, but then rises again as the maximum of the Na 0 absorption shifts further to the red. We tried several variations of the model using different solvation parameters, 34 but all predict highly nonmonotonic bleach signals at 670 nm and 800 nm. In addition, the rise of the 1150-nm Na 0 absorption is not well described by the model since neither of the bi-exponential THF solvation times match the observed ϳ700-fs single exponential rise. Thus, we conclude that the solvation model represented by Eqs. ͑10͒-͑12͒ does not provide an adequate description of the data in Figs. 3 and 4 .
IV. DISCUSSION
The success of the delayed ejection model in fitting the pump-probe transients allows the various features of the data to be readily interpreted. The initially prepared Na Ϫ * state absorbs strongly at 560, 590 and 625 nm and weakly at 670 and 800 nm ͑see Fig. 1 and Table I͒ and takes ϳ700 fs to decay by undergoing CTTS. The CTTS electron transfer produces the contact pair containing Na 0 , leading to some of the apparent decay of the visible transient bleach signals as well as the delayed rise of the 1150-nm Na 0 absorption on the same ϳ700-fs time scale. Geminate recombination on the ϳ1.5-ps time scale then causes a decay of the Na 0 absorption at 1150 nm. At the visible probe wavelengths, the cross-section of the Na Ϫ produced by recombination is larger than that of the Na 0 lost due to recombination ͑Fig. 1͒, producing a further decay of the visible bleach signals. The simplicity of the delayed ejection model suggests that we have a good understanding of the rudiments of the CTTS process and that some of the more complex schemes invoked to explain CTTS dynamics following multiphoton excitation 10 are unnecessary. The data in Figs. 3͑a͒-3͑c͒ represent the first observation of the excited CTTS state and thus provide the first direct measure of the dynamics of charge transfer following one-photon excitation directly into a CTTS band. The fact that the excited state absorption is narrow and has a large oscillator strength implies that it arises from a bound-bound and not a bound-continuum transition. Thus, if the 590-nm absorption arises directly from the CTTS excited state͑s͒, these states must lie at least 2.1 eV ͑590 nm͒ below the continuum in THF. Since the CTTS band of Na Ϫ peaks near 1.7 eV ͑720 nm͒, this would imply that the ground state of sodide lies at least 3.8 eV below the continuum. The thermodynamics of sodide and solvated electrons in THF are not well known, so it is difficult to determine whether the assignment of such a stable Na Ϫ species ͑and of CTTS excited states so far below the continuum͒ is reasonable. An alternate possibility is that the 590-nm excited state absorption arises from the neutral sodium core following excitation of one of the Na Ϫ 3s electrons into the CTTS excited state. The idea is that the excited electron interacts only weakly with the sodium atom core, but serves to ''hold back'' the surrounding solvent so that the core has an absorption spectrum similar to that in the gas phase. When the excited electron is ejected by CTTS, THF molecules rush in to solvate the core, rapidly producing the equilibrium Na 0 spectrum measured by pulsed radiolysis ͑Fig. 1͒. 20 Whatever the origin of the 590-nm absorption, it is clearly correlated with the presence of the CTTS excited state. The importance of being able to monitor the dynamics of the CTTS excited state spectroscopically was pointed out in the introduction. Without a spectroscopic handle on the initially prepared CTTS state, the time scale for charge transfer can be inferred only indirectly from the appearance of the solvated electron because the appearance of the electron's absorption can be complicated by both solvation dynamics and internal relaxation.
The constraints imposed in fitting the delayed ejection model to the data also provide information about the identity of the Na 0 species. The shapes of the transients that can be fit by the model are quite sensitive to the choice of crosssections assumed for the sodium atom product. Changing the shape of the Na 0 absorption in the model leads to generally poorer agreement with the data in Figs. 3 and 4 . Thus, the success of the model indicates that the neutral sodium atom produced following CTTS is the same species that has been studied in the radiolysis of Na ϩ /THF solutions. 20, 35 The radiation chemistry literature has always referred to this species as a (Na ϩ ; e Ϫ ) moiety since it was unclear whether this entity is better identified as a sodium cation/solvated electron contact ion pair or as a neutral sodium atom. In our experiments, once the CTTS electron is removed from Na Ϫ , breakdown of the Na 0 in the Na 0 •e Ϫ pair to generate a Na ϩ :e Ϫ contact ion pair would require the additional ejection and subsequent solvation of a second electron from the sodium atom core, as has been observed for the Cl atom following multiphoton excitation of the CTTS band of aqueous Cl Ϫ .
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It is also possible that the initial excitation might eject both valence electrons from sodide, an idea that would be consistent with early reports suggesting that the oscillator strength of the sodide CTTS transition is ϳ2. 36 If this were the case, then a better description of the CTTS process would be simultaneous ejection of two electrons: one that stays associated with the sodium cation core ͓forming a (Na ϩ ; e Ϫ ) species͔ and a second that forms a contact pair with the (Na ϩ ; e Ϫ ) species and eventually recombines to reform Na Ϫ or dissociates to form a solvated electron. Unfortunately, our data do not allow us to distinguish whether one or two electrons are ejected upon photoexcitation of the CTTS transition, although further experiments are in progress. The fact that the equilibrium Na 0 absorption appears immediately following CTTS and shows no subsequent spectral dynamics, however, suggests to us that only one electron is ejected and that the species whose absorption spectrum is shown in Fig.  1 is better described as a neutral sodium atom.
The slight disagreement between the fits and the data in Figs. 3 and 4 suggests that solvation dynamics, which are not included in the delayed ejection model, do play a role in the CTTS process. One possible way in which solvation dynam-ics could affect the observed pump-probe transients is via spectral diffusion of the ''hole'' created in the ground state bleach. Spectral diffusion results from the fact that the initial pulse excites only a subset of Na Ϫ transitions that are in ''selected'' solvent configurations. This would leave a hole at the position of the excitation pulse in the ground state spectrum. The hole spreads after solvent fluctuations randomize the local environments, leading eventually to uniform bleaching of the absorption band. Our expectation, however, is that spectral hole-burning is not important in the transient spectroscopy shown in Figs. 3 and 4 . Based on an analogy with the electronically similar hydrated electron, excitation of one of the (s→p)-like transitions comprising the CTTS band should result in photobleaching an electronic progression of all three bands: Depletion of ground state Na Ϫ species leads to ''replica holes'' at the positions of all three transitions originating from the ground state. 37 Thus, excitation anywhere within the band is expected to lead to nearly uniform bleaching with solvation dynamics playing little role in the transient bleach dynamics 16 except perhaps near the edges of the CTTS band. 37 We note that since the transition dipoles of the 3s→p sub-bands are mutually orthogonal, it should be possible to observe the asymmetric solvent fluctuations that split the transitions by taking advantage of polarized transient hole-burning spectroscopy. 37, 38 Our preliminary results using polarized pump and probe pulses, however, show little anisotropy, suggesting that bleaching dynamics are not important in the spectroscopy of the CTTS transition.
Since bleaching dynamics are not likely to be important in the spectroscopy of Na Ϫ , the discrepancies between the delayed ejection model and the data in Figs. 3 and 4 likely result from solvation dynamics of the Na 0 species. The idea is that the neutral sodium product of the CTTS reaction is formed out of equilibrium with the surrounding solvent. The resulting solvent relaxation leads to spectral evolution of the Na 0 absorption, as discussed earlier in connection with the ''solvation'' model. The failure of the solvation model to fit the data makes it clear that solvation dynamics of the neutral sodium atom are not responsible for the bulk of the observed transient spectral changes. But the fact that the largest disagreement between the data and the delayed ejection model occurs for the 670-nm and 800-nm transients, however, suggests that solvation of Na 0 does play a secondary role in the observed spectroscopy. For example, solvation dynamics could be responsible for a slight delay in the appearance of the Na 0 absorption at 670 and 800 nm. The growth of an absorption at these two wavelengths would appear in the pump-probe experiments as a decay of the ground state bleach that is more rapid than that accounted for in the model, exactly what is observed in Figs. 3͑d͒ and 3͑e͒ . It is also possible that solvation dynamics could shift the spectrum of the Na Ϫ * excited state, causing it to pick up oscillator strength at the redder wavelengths, providing an alternate explanation for the more-rapid-than-expected decay of the bleach at these wavelengths. This idea is also consistent with the possibility that the 590-nm absorption results from the gas-phaselike core of Na Ϫ *, whose absorption spectrum then undergoes a rapid shift upon solvation following ejection of the CTTS electron. We will continue to explore the solvation dynamics of Na Ϫ * and Na 0 in future experiments; in the interim, however, it is reasonable to conclude that solvation plays an important but secondary role in the transient spectroscopy of the Na Ϫ CTTS transition. The geminate recombination dynamics of the ejected electron shown in Fig. 2 also provide insight into the mechanism underlying the CTTS transition of sodide in THF. Like what is observed in the photoionization of neat solvents, 28 increasing the excitation energy dramatically decreases the fraction of electrons that undergo geminate recombination. Our working hypothesis to explain this behavior is that the CTTS process spawns electrons that either can localize immediately adjacent to the neutral parent atom ͓''contact pair,'' as suggested by Eq. ͑2͒ and discussed in Ref. 8͔ or become trapped some distance away, as discussed further below. If the solvated electron is produced far from the Na 0 core, the disruption of the local solvent structure needed to regenerate the parent ion leads to a large free energy barrier to recombination. This free energy barrier makes it unlikely that recombination would occur even on diffusive time scales, similar to the recent observations of Kohler and coworkers. 39 The fact that very little decay is observed on the hundreds of ps time scale for either the solvated electron or the Na 0 species is consistent with this viewpoint. For those electrons that are ejected near the sodium atom core, minimal rearrangement of the local environment is required, significantly reducing the free energy barrier to recombination. Thus, we expect for this case that the solvation dynamics in THF that are known to occur on the ϳ1.5-ps time scale 33 are effective for promoting recombination of electrons in the contact pair, consistent with the data in Figs. 2-4. It is interesting to note that this picture of geminate recombination as resulting from a contact pair is also consistent with the dynamics following CTTS excitation of aqueous iodide. 13 Our hypothesis explaining the variation in the recombination fraction with excitation wavelength requires the existence of different pathways for electron ejection in the CTTS process. Based on the structure of the solvated electron in THF, we believe it is likely that there are two distinct mechanisms for electron production following CTTS. In water or alcohols, the solvated electron is confined within a localized solvent cavity, leading to an electronic absorption spectrum in the visible or near-IR. Solvated electrons in nonpolar fluids like THF, in contrast, have an absorption spectrum in the mid-IR, suggestive of a weakly localized object whose volume could encompass multiple solvent molecules. 40 Thus, the CTTS process of Na Ϫ in THF involves expansion of the relatively compact CTTS excited state wave function into the more spatially extended ground state of the solvated electron. Excitation into the lowest energy CTTS band likely produces a solvated electron whose charge density remains centered near the sodium atom core upon expansion. The large spatial extent of the solvated electron's wave function virtually guarantees there will be some overlap with the neutral sodium core, allowing solvation dynamics to efficiently promote recombination of the contact pair ͓large k 2 in Eq. ͑3͔͒. The higher-lying CTTS excited states, on the other hand, are expected to have highly distorted electronic wave functions that sample regions of the fluid farther from the sodium nucleus. Excitation of the higher-lying CTTS bands can thus result in a branching between rapid electron ejection to locations far into the solvent ͓large k 3 in Eq. ͑4͔͒ and nonadiabatic relaxation into the lowest-lying CTTS excited state, which leads to more localized ejection and a higher probability for recombination. Following high-energy excitation, the time needed to localize electrons far into the solvent leads to an additional delay in the appearance of the electron's absorption. 29 The data presented in Fig. 2 are consistent with all of these ideas.
Finally, the data presented above offer some preliminary insight into the specific solvent motions underlying the CTTS phenomenon. The observed ϳ700-fs time for charge transfer does not match either of the previously measured times for dielectric solvation in THF. 33 One possibility is that the solvent motions needed to promote charge transfer are those driven by changes in size of the reacting species during CTTS: In addition to the expansion of the electron, the neutral sodium atom should be quite a bit smaller than the sodide anion. Computer simulations have shown that the translational solvent motions that accommodate solute size changes are quite a bit slower than the rotational motions associated with dielectric relaxation. 41 Thus, the rate-limiting step in the CTTS process may be the time needed for solvent molecule translation to allow the charge transfer to produce the stabilized sodium atom and solvated electron products. Another possibility is that the change in symmetry of the electronic wave function is responsible for the relatively slow ϳ700-fs CTTS electron transfer rate. For the case of aqueous halides, rapid solvent motions are easily able to induce adiabatic detachment of the s-like CTTS excited state into the s-like hydrated electron ground state. 7, 8 For Na Ϫ , however, production of the nodeless solvated electron ground state requires a nonadiabatic transition that destroys the node of the p-like CTTS excited-state wave function. Internal motions of the THF solvent molecules are unlikely to provide this nonadiabatic coupling, suggesting that specific, slower intermolecular motions are what drives the electron transfer. We are presently constructing nonadiabatic quantum molecular dynamics simulations, which in combination with additional pump-probe experiments, should help to identify the particular solvent motions involved and provide a clearer picture of all the details underlying the charge transfer process.
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